Background aims. Mobilization of stem cells and progenitor cells from the bone marrow (BM) into the peripheral blood (PB) by granulocyte -colony-stimulating factor (G-CSF) is being investigated for cardiac regeneration in ischemic heart disease. However, hematopoietic (HPC), mesenchymal (MPC) and endothelial (EPC) progenitor mobilization have not been optimized and the effect of G-CSF on myocardial perfusion and cardiac function in a normal heart has never been studied. Methods . Normal mice were injected daily for 1 -10 days with subcutaneous recombinant human G-CSF. PB and BM were evaluated for HPC and EPC by fl ow cytometry and HPC and MPC by hematopoietic (CFU-GM) and mesenchymal (CFU-F) colony assays. Echocardiography, microSPECT imaging, cardiac catheterization and immunohistochemistry were performed in mice treated for 10 days. Results . HPC and CFU-GM in PB peaked after 2 days, CFU-F after 4 days and EPC after 3 days. Thereafter, while HPC temporally decreased before showing a second peak, EPC remained detectable only at low levels. In BM, hematopoietic stem cells (HSC) and CFU-GM did not increase much overall but peaked twice on days 2 and 7. EPC (peak on day 7) production increased in the BM, but CFU-F formation declined considerably after day 2. G-CSF enhanced myocardial perfusion and vascularization but impaired hemodynamic performance of the heart through apparently increased ventricular wall rigidity. Conclusions . G-CSF induces the mobilization of HPC, EPC and CFU-F progenitors in PB according to very different patterns, and has a signifi cant impact on perfusion and function of the normal heart.
Introduction
Experiments in animal models (1 -3) and clinical trials (4, 5) have investigated the potential of stem cells to repair a diseased myocardium. Cells have been obtained mostly from either bone marrow (BM) or peripheral blood (PB) after mobilization by various pharmacologic agents. Among these, granulocyte --colony-stimulating factor (G-CSF) has been used most frequently.
Hematopoietic and non-hematopoietic stem and progenitor cells reside mainly in the BM, but a few circulate in the PB under physiologic conditions and in higher concentrations after pharmacologic mobilization. Mobilization of hematopoietic stem cells (HSC) and progenitor cells (HPC) into PB can be induced by the administration of G-CSF, granulocyte -macrophage colony-stimulating factor (GM-CSF), interleukin (IL)-3, IL-8, stem cell factor (SCF), the CXCR2 agonist GRO β and the CXCR4 antagonist AMD3100, or combination of these (6). G-CSF induces mobilization in a time-and dose-dependent manner, eliciting a gradual increase of HPC in PB, peaking after 4 -7 days in humans. G-CSF-induced peripheral blood stem cells (PBSC) have replaced BM as the major source of HSC for transplantation, providing faster engraftment with equivalent long-term outcomes (7) . HSC mobilization is a multistep process involving cytokine-induced functional changes in the adhesion molecule profi le of stem cells (SC) and disruption of their adhesive interactions with BM stromal cells, followed by their release, migration and homing (8) . The role of adhesion molecules, such very late antigen-4 (VLA-4) and P/E selectins, the central function of stromalderived factor-1 (SDF-1) and CXCR4 interactions, and the involvement of proteolytic enzymes such as elastase, cathepsin G and various metaloproteinases, have been well established (9,10).
The BM is also a reservoir for mesenchymal stromal cells (MSC) and endothelial progenitors (EPC) (11 -13). The demonstration of MSC in PB under physiologic conditions or following G-CSF administration remains controversial, but there is growing evidence that these cells can enter the peripheral circulation (14 -16). The mechanisms and kinetics of MSC and EPC mobilization from the BM into the PB are not well characterized. In particular, the patterns of HSC, MSC and EPC mobilization have not been compared and the relationship between their kinetics in PB and BM has not been examined.
The effects of G-CSF administration on myocardial perfusion and hemodynamic performance in the normal heart have also never been studied. Whereas the effects of G-CSF in ischemic heart disease has been examined in numerous studies (17,18), nothing is known about the potential effects of G-CSF itself on the heart. Therefore, the second aim of our study was to investigate the effects of G-CSF on heart structure and function, using an array of sophisticated techniques including immunohistochemistry, echocardiography, pressure -volume (PV) measurements and perfusion imaging.
Methods

Animal experiments
The investigation conformed with the Guide for the Care and Use of Laboratory Animals published by the National Institutes of Health (NIH, Bethesda, MD, USA; publication number 85-23, revised 1996) and was approved by the animal care ethical committee of the University of Li è ge (Li è ge, Belgium). Female C57Bl/6 mice 2 months of age were injected daily with recombinant human G-CSF (Neupogen ® ), 50 μ g/kg subcutaneously, for 1 -10 days. Twelve animals were killed each day and their heart, blood (collected from the inferior vena cava) and BM (from both femurs and tibias) collected. Two other groups of 12 animals each were injected with either saline or G-CSF daily for 10 days, and echocardiography and microSPECT perfusion imaging were performed on day 11 and cardiac catheterization and immunohistochemistry on day 12.
Blood parameters and fl ow cytometry analysis
White blood cells (WBC) and BM cells were counted in an ABX Micros 60 automatic cell counter (HOR-IBA ABX Diagnostics, Antwerp, Belgium). Blood and BM cells were washed and the supernatant was eliminated. Five microliters of monoclonal antibody (MAb) anti-CD45, CD34, CD31 or Sca1 (all IgG2b from BD Biosciences, Erembodegem, Belgium) were added to the pellet and the cells were incubated for 30 min at 4 ° C. Cells were then washed and 5 μ L allophycocyanin (APC)-conjugated goat anti-rat immunoglobulin (Ig) added. After incubation for 30 min at 4 ° C, red cells were lyzed with NH 4 Cl for 10 min and nucleated cells were washed and fi xed in phosphate-buffered saline (PBS) 1% formaldehyde. Samples were analyzed on a FACSCANTO (BD Biosciences). A minimum of 400 000 cells was acquired by sample. HPC and EPC were evaluated as cells with CD45 ϩ Kit ϩ Sca ϩ and CD45 -CD34 ϩ CD31 ϩ phenotypes, respectively. Absolute cell counts were calculated from the total WBC count and percentage positive cells.
Granulocyte -macrophage colony-forming units
Cells were plated at 5 ϫ 10 4 cells/35-mm dish for BM and 2 ϫ 10 5 cells/35-mm dish for blood in Methocult ® GF M3434 media (Stemcell Technologies, Vancouver, Canada) for 16 days. After 2 weeks, numbers of granulocyte -macrophage colony-forming units (CFU-GM) were scored with an inverted microscope at ϫ 40 magnifi cation.
Fibroblast colony-forming units
Cells were plated at 5 ϫ 10 4 cells/25-cm 2 fl ask for BM and 2 ϫ 10 5 cells/25-cm 2 fl ask for blood in Dulbecco ' s modifi ed Eagle medium (DMEM) with 10% fetal bovine serum (FBS; Gibco, Merelbeke, Belgium), 100 U/mL penicillin and 100 μ g/mL streptomycin. The medium was changed every 3 days for a total of 21 days. Plates were then fi xed in methanol and stained with hematoxylin -eosin at room temperature (RT) for 10 min. All visible colonies were counted.
Immunohistochemical analyzes
Hearts were collected and embedded in TissueTek OCT (Sakura, Zoeterwoude, the Netherlands). The samples were cut to yield 10-μ m thick cryostat sections, and fi xed in 10% methanol for 10 min at -20 ° C. Endothelial cells were studied with a rat anti-mouse CD31 (PECAM-1) MAb (BD Biosciences) for 60 min at RT and revealed by incubation with a biotin-conjugated rabbit anti-rat MAb (Dako, Heverlee, Belgium) at 1:400 for 30 min at RT followed by a streptavidin/HRP-conjugated antibody (Dako) at 1:500 for 30 min at RT. Imaging was performed with a confocal microscope. The number of CD31 ϩ arterioles was counted in eight slides per heart. Nuclei were counterstained with hematoxylin -eosin.
Immunofl uorescence analysis
Fibroblast colony-forming units (CFU-F) were permeabilized with 0.01% Triton X-100 and studied with goat polyclonal IgG anti-CD73, anti-CD31 or anti-CD45 (Santa Cuz, Heidelberg, Germany) at 1:500 for 60 min at RT. CFU-F were washed and rhodamine-conjugated rabbit anti-goat polyclonal IgG (Abcam, Cambridge, UK) was added. Imaging was performed with a fl uorescence microscope.
Echocardiography
Echocardiography was performed using a VIVID 7 echocardiograph and an i13L probe (General Electrics, Horten, Norway). Heated contact gel was applied to maintain a stable heart rate (HR). Conventional measurements [left ventricular (LV) diameters, anterior wall (AW) and posterior wall (PW) thickness and thickening] were obtained from grayscale M-mode tracings at the level of the papillary muscles. LV end-systolic and end-diastolic volumes and LV ejection fraction (LVEF) were measured with the Teicholtz method. Tissue Doppler images were obtained from the parasternal short-axis view at the midventricular level, at a frame rate of Ͼ 300 frames/s and a depth of 1 cm. Radial systolic strain was measured over an axial distance of 0.6 mm. The temporal smoothing fi lters were turned off for all measurements. Peak systolic strain was averaged over three consecutive cardiac cycles.
microSPECT imaging
Animals were injected with 173 Ϯ 27 MBq Tc-99m Sestamibi in the tail vein. To avoid gallbladder accumulation of Tc-99m Sestamibi cleared through the hepatobiliary system, 0.1 μ g/kg cholecystokinin was injected intraperitoneally 2 h after Tc-99m Sestamibi. The animals were scanned 30 min later under anesthesia [ketamine (50 mg/kg) and xylazine (2.5 mg/kg)] using a microSPECT (Linoview SPECT System, Amsterdam, the Netherlands) during 30 min. The characteristics of the microSPECT system have been described elsewhere (19) and it was recently validated for myocardial infarct size measurement in mice by comparison with histology (20). Data were reconstructed using the expectation maximization maximum likelihood (EM -ML) algorithm without attenuation or resolution correction. The regions of interest (ROI) were drawn manually on each transverse slice of the left ventricle. The total number of counts in each ROI was corrected using the microSPECT system sensitivity. In each left ventricle, the percentage of injected activity was calculated at D0 and D10 and the results expressed as a ratio of mean LV uptake at D10 and D0 (D10/D0).
Hemodynamic measurements
PV loops were obtained under ketamine and xylasine anesthesia by descending a 1.4-F catheter with pressure and conductance sensors (Millar Instrument, Houston, TX, USA) through the right carotid artery into the left ventricle of mice placed on a heating table at 37 ° C. Before implantation, calibration of the catheter was performed according to the manufacturer ' s recommendations. In brief, six cylindrical holes ranging from 13.2 to 172.3 μ L were fi lled with fresh heparinized mouse blood. From the measured raw conductance signals, the known cylinder volumes were plotted against the conductance and the regression equation calculated. To determine parallel conductance in animals, a small hypertonic saline bolus of 10 μ L was given intravenously. The induced change in conductivity of the blood allowed the separation of LV blood volume from parallel conductance as a result of the surrounding tissues. After instrumentation, data obtained from PV loops were analyzed with the PVAN 3.4 software (Millar Instrument) . LV PV signals were acquired in steady state to quantify general hemodynamic conditions: HR, stroke volume, cardiac output (CO), LV enddiastolic volume (EDV), LVEF, LV end-diastolic (EDP) and systolic (ESP) pressures were assessed. Stroke work was determined as the area of the PV loop. The time constant of isovolumic relaxation (Tau) was calculated as the slope of the relationship between a linear regression of d P /d t max and pressure. To obtain the slope (Ees) of the end-systolic PV relationship, a load-independent index of systolic function, PV loops were also recorded during a gradual to baseline thereafter. In the meantime, PB EPC jumped on day 3 but decreased to intermediate levels from day 5 onwards.
microSPECT imaging
The ratio of mean LV uptake between D10 and D0 (D10/D0) was 0.90 Ϯ 0.22 in control mice and 1.30 Ϯ 0.41 in G-CSF-treated mice ( P Ͻ 0.05).
Echocardiography
LV dimensions and function were evaluated by echocardiography on day 11, i.e. 24 h after the last dose of G-CSF or saline (Table I) . HR was comparable in the two groups. LV posterior wall dimension (LVPW) ( P Ͻ 001) and LVEF ( P Ͻ 0.05) were smaller in G-CSF-treated mice. Strains in the anterior ( P Ͻ 0.01) and posterior ( P Ͻ 0.05) walls were reduced after 10 days of G-CSF. The other parameters remained unchanged and HR was regular. The inter-observer reproducibility of strain parameters was excellent. There was a strong correlation between the two observers (strain in anterior wall, pre-load reduction obtained by gently compressing the inferior vena cava.
Statistical analyzes
Data are shown as mean Ϯ SD. The Gaussian distribution of the population was verifi ed. Comparisons between groups were done using two-tailed Student ' s t -tests or by two-way ANOVA. The between-observers reproducibility was determined by Bland-Altman analysis. A P value Ͻ 0.05 was considered statistically signifi cant.
Results
Heart weight and immunohistochemistry
Heart weight or heart-to-body weight ratios were not infl uenced by G-CSF administration (Figure 1 ). The number of CD31 ϩ arterioles was higher ( P Ͻ 0.001) in mice treated with G-CSF (2.48 Ϯ 0.68) compared with those receiving saline injections (1.90 Ϯ 0.67) (Figure 2 ).
Blood and BM parameters
Hematocrits (Hct) increased on day 1 after starting G-CSF injections and stayed higher than in untreated mice throughout the study (Figure 3) . WBC in BM decreased from day 1 to day 4 before bouncing back to intermediate values thereafter, while WBC in PB increased in the fi rst 4 days before returning to baseline levels thereafter, thus mirroring the marrow pattern of evolution.
FACS analysis and CFU assays of progenitor cells
The number of HPC in BM peaked twice, at days 2 and 7, followed each time by a decline in BM accompanied by a major increase in PB (Figure 4) . The number of CFU-GM in BM was also highest on days 2 and 7, each time followed by a decline, and their mobilization in PB was evident after day 1, peaking on days 2 -3. Marrow CFU-F decreased considerably after day 2, whereas their numbers in PB increased markedly on day 2 and remained at a constant level for several days, before returning toward baseline values at the end of the experiment. We performed CD45 -CD14 or CD45 -CD31 double staining on CFU-F colonies. No doubly positive cells were detected. Flow cytometric analysis of cells within the CFU-F showed that these colonies did not contain cells positive for CD34 or CD45, and contained 2% CD11b ϩ cells, 60% CD106 ϩ and 89% SCA ϩ cells. These colonies thus consisted mainly of mesenchymal progenitor cells (MPC). Marrow EPC increased steadily to day 7, before returning Figure 1 . Heart weight (mg) and heart-to-body weight ratio (mg/mg) in mice before (day 0) and after 1 -10 days of G-CSF therapy (NS).
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For personal use only. r ϭ 0.85, P Ͻ 0.001; strain in the posterior wall, r ϭ 0.87, P Ͻ 0.001). Blant -Altman analysis revealed that the difference obtained was within 2 SD of the mean difference for all strain values.
Hemodynamic evaluation
Hemodynamic data were acquired by conductance catheter on day 12, i.e. 48 h after the last dose of G-CSF or saline (Table II and Figure 5 ). Data were acquired both at baseline and after pre-load reduction. ESP, EDP and Tau were higher in G-CSFtreated mice ( P Ͻ 0.05). Ees was lower after G-CSF therapy, but this difference did not reach statistical signifi cance. The other hemodynamic parameters measured by this technique were not modifi ed by G-CSF administration.
Discussion
The major fi ndings of the study were that G-CSF induces the mobilization of HPC, EPC and CFU-F progenitors in PB according to very different patterns, and has a signifi cant impact on the perfusion and function of the normal heart. Relatively little is known about the respective kinetics of HPC, EPC and CFU-F progenitor mobilization and the impact of G-CSF administration on their pools in BM in normal mice. We used 50 μ g/kg body weight of human G-CSF, a dose previously used for the mobilization of HSC in PB (21) that may nevertheless not be optimal. The number of HPC in BM remained relatively stable throughout the study, except for two peaks occurring on days 2 and 7, followed each time by a major increase in PB. BM CFU-GM showed a similar pattern with the same, although less pronounced, two peaks, also followed by a signifi cant elevation in the PB. A few previous studies have examined the effects of G-CSF on progenitor cells profound reduction in their numbers. Flow cytometric analysis of cells within the CFU-F excluded a contamination by macrophages or endothelial cells.
EPC showed yet a different pattern of response to G-CSF administration. EPC numbers in BM increased gradually and were at their maximum on day 7, before waning partially. After a major increase in PB on days 3 and 4, EPC mobilization stabilized at much lower, albeit still highly signifi cantly elevated, levels. These observations suggest that both rapid egress of pre-formed marrow EPC and a more gradual increase of the formation of EPC in the BM could account for intense EPC mobilization into the PB.
We thus demonstrated that the impact of G-CSF on the mobilization of HPC, EPC and CFU-F progenitors is time-dependant, involving both increased production in the BM and mobilization into the PB, and displays very different kinetics for the various types of progenitor cells. Whereas HPC and CFU-F progenitors provide a relatively large window of opportunity for their collection from PB, EPC collection would be optimal on days 3 -4.
G-CSF induces proliferation and activation of neutrophils and osteoclasts, which in turn secrete various proteases, including elastase, cathepsin G, MMP-9 and MMP-2, which disrupt the SDF-1/ CXCR4 axis (25,26). G-CSF thus leads to the release of cells characterized by their CXCR4 expression, including HPC, MPC and EPC (27, 28) . Differences observed in the pattern of mobilization of HPC, EPC and CFU-F progenitors may therefore be the result of differences in adhesive molecule pattern at their surface. Pitchford et al. (29) described a differential mobilization of subsets of progenitor cells from the BM. Indeed, HPC mobilization is maximal when a CXCR4 antagonist is administrated to mice pretreated with G-CSF, while EPC mobilization is submaximal. In contrast, when mice are pretreated with VEGF, administration of a CXCR4 antagonist stimulates EPC mobilization and suppresses HPC mobilization.
Whereas it is well established for HPC, MPC and EPC mobilization in PB remains controversial. Discrepancies may be explained by variations in the source of cells obtained in different studies, differences in culture methods and lack of very specifi c and unequivocal markers and/or techniques to identify MPC and EPC. For example, diverse combinations of markers have been used to identify putative EPC independently from CD45 expression. However, it is now well established that the use of CD45 is recommended for the enumeration of EPC by fl ow cytometry (30,31). Colony-forming unit endothelial cell (CFU-EC) assays have not yet been standardized in mice. Nevertheless, the accumulating evidence indicates that PB contains EPC. Their numbers were simultaneously in BM and PB, and animals were treated for a maximum of 6 consecutive days (21,22). Chiang et al . (23) have assessed the impact of G-CSF on BM HSC in normal donors receiving 5 or 10 μ g/kg G-CSF for 5 consecutive days. They showed that the numbers of nucleated cells and CD34 ϩ cells/ mL showed a similar pattern of response in BM and PB, with a peak around day 6. Recently, Lucas et al. (24) highlighted a circadian oscillation of HSC mobilization.
In our experiments, there was no strict correlation between the numbers of HPC, as identifi ed by fl ow cytometric analysis, and the number of CFU-GM detected. This indicates that many HPC do not read out in colony assays. This could be explained by two mutually non-exclusive hypotheses. On the one hand, culture media used in clonogenic assays may not be suited for the growth of a fraction of the progenitors. On the other hand, G-CSF may interfere with the viability and clonogenic potential of a subpopulation of HPC. In particular, mobilized HPC are released from direct interactions with BM stromal cells, which may contribute to a decreased clonogenic potential.
The kinetics of CFU-F progenitors were different. Blood CFU-F stayed high to day 7 before returning to baseline levels, and marrow CFU-F showed a Table I . Echocardiographic parameters as evaluated on day 11, i.e. 24 hours after the last of 10 daily doses of G-CSF or saline (n ϭ 12). fi broblast-like cells with osteogenic and adipogenic potential from the blood of four mammalian species, including mice and humans. Although the phenotypic profi le of stem cells is quite similar among species, the expression of markers can vary. Lucas et al. (24) also showed that HSC mobilization depends on a speciesspecifi c circadian rhythm that is inverted in humans compared with mice. Physiologic differences also exist, for example the HR is about 600/min in mice versus 80/min in humans, and murine metabolism is much more raised than that of humans. Furthermore, hemodynamic results obtained in mice may not be transposed to the response or data recorded in humans. No negative hemodynamic effects of G-CSF have been noted in patients or normal individuals during or after G-CSF administration (50) and recent reviews do not suggest negative hemodynamic consequences, such as impaired relaxation or reduced contractility, of G-CSF in adults following cardiac injury (51). However, differences between control and G-CSF-treated mice are probably not the consequence of reactive antibodies generated toward the human protein, because previous studies have shown that this phenomenon appears only after repeated cycles of G-CSF administration (52).
These new observations may have signifi cance for the projected use of G-CSF in cardiovascular regenerative medicine. Further research should examine a number of important questions. Are the observed effects of G-CSF on the perfusion of the heart and rigidity of the ventricular wall reversible after cessation of G-CSF therapy? To what degree are these consequences of G-CSF use also encountered after myocardial infarction? Are these observations the result of direct effects of G-CSF on the myocardium, blood vessels or other cell types in the heart, or are they the result of homing of various progenitor cells mobilized into the PB from the BM? Are these results in mice relevant to humans? In the meantime, caution should be exerted and G-CSF use for cardiologic purposes should only be carried out in the setting of clinical trials with emphasis on safety together with effi cacy endpoints. 
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an increased number of CFU-F in the peripheral blood of volunteers mobilized by G-CSF.
Our study is the fi rst to examine the impact of G-CSF therapy on the normal heart. We have demonstrated that short-term myocardial perfusion of normal mice is signifi cantly enhanced by G-CSF therapy. By immunohistochemistry, we have also confi rmed that the number of CD31 ϩ arterioles increases. Whether this effect is produced by G-CSF acting directly in the heart or follows the homing of EPC newly formed in the BM and mobilized into the PB remains to be determined.
On the other hand, echocardiography and PV measurements demonstrated that G-CSF had an impact on LV systolic and diastolic function. By echocardiography, a decreased strain in the anterior and posterior walls indicated a reduced systolic deformation of the myocardium. There was no effect on global systolic function, as shown by the invasive hemodynamic approach, as the global contractility index, Ees, remained unchanged. However, data obtained from PV loops evidenced an impaired diastolic function. Tau, which measures the early active relaxation process, increased, indicating an abnormal LV relaxation. LV end-diastolic pressure also increased and, in the absence of any increase in LV end-diastolic volume, this suggests a lower myocardial compliance in G-CSF-treated mice. All these fi ndings suggest that G-CSF exerts a rigidifying effect on the ventricular wall that may impair LV diastolic function. Higher doses could be tested in future experiments to determine whether superior concentrations of G-CSF would increase these phenomena. The mechanisms remain to be elucidated. Working hypotheses include a direct effect of G-CSF on the myocardium, homing to the heart of mobilized MPC, or a local infl ammatory effect induced by excess neutrophils or other cells. Indeed, G-CSF could promote collagen synthesis (43,44), MSC could differentiate into fi broblasts when localized in a pro-fi broblastic microenvironment (45,46) and acute tissue injury has also been described in the lung after the use of G-CSF (47).
Our study has some limitations. HR was low despite anesthesia with ketamine at 50 mg/kg and xylasine at 2.5 mg/kg, doses usually associated with high, stable HR, high fractional shortening and limited effects on LV inner dimension at the end of diastole (48). Other anesthesia protocols with pentobarbital (30 mg/kg) and isofl urane have had the same impact on HR. Nevertheless, the HR was quite reproducible in the two groups of experimental animals.
The results found of present study cannot be extrapolated directly to humans, even if there are similarities between species. For example, Kuznetsov et al. (49) reported the isolation of clonogenic, Cytotherapy Downloaded from informahealthcare.com by University of Liege on 02/01/11
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